Abstract
Introduction
Atrial fibrillation (AF) is a heart rhythm disorder in which the origin of the heart cycle is displaced from sinoatrial node (SA) onto various places in the atrium [1] .
The causes of AF are not well understood, but among many proposed pathophysiological mechanisms, autonomic nervous system (ANS) regulation abnormalities are the most considered one [2, 3] . It has been known for sympathetic innervation to be augmented in patients with permanent AF [4] . However, there is a lack in vagal regulation of heart rhythm leading to the absence of respiratory sinus arrhythmia-RSA [5] . RSA represents a dependence of heart rhythm by the respiratory cycle phase: accelerated pulse in the inspiration and deaccelerated in the expiration [6] . RSA originates in the brain stem having baroreceptor reflex as its underlying mechanism of action [7, 8] . In addition, many data point out the phase synchronization as the interaction mechanism of cardiopulmonary system instead of RSA [9, 10] . Also, recent studies have suggested that cardiopulmonary coupling is possible via reciprocal interaction mediated by ANS [11] . It should be noted that the influence of respiration process on heart rhythm is based on multiple mechanisms, while the baroreceptor reflex is the only known mechanism of the influence vice versa.
Taking into the consideration all the facts mentioned above, in this paper we quantified correlation properties of heart and respiratory rhythm using a method of detrended fluctuation analysis in order to clarify behavioral pattern of cardiopulmonary coupling in AF.
Materials and methods
Patients with permanent atrial fibrillation were included in the research (mean age 73; range 51-89 years). The control group was consisted of healthy subjects (mean age 41; range 35-45 years). Subjects were gender matched, 10 men and 3 women. Conditions of measuring were standardized [6] . Subjects were in the supination for 20 minutes of measuring ECG and the respiratory rhythm (Figure 1 ). ECG and the respiratory rhythm data were simultaneously recorded using 1000 Hz sampling frequency and 16 bit resolution by Biopac MP100 system with AcqKnowledge 3.9.1. software (BIOPAC System, Inc, Santa Barbara, CA, USA). RR(s) intervals (time intervals between heart beats) and BB(s) intervals (time intervals between breaths) were extracted from ECG and respiratory signal using OriginPro 8.6. (OriginLab Corporation, USA) software. The RR time series was formed as well as the respiratory time series (Figure 1 ). These time series were resampled to equidistant segments by using mean RR interval value of individual subject in order to apply the DFA method. Resampling was done through linear interpolation between two appropriate samples [6, 12] . Analysis was conducted on overall time series of 20 minutes. In addition, RR and respiratory time series were standardized. Standardization process required extracting the mean interval value from each interval in time series and then dividing time series by its standard deviation. On standardized time series the DFA method was applied [13] . Application of method includes time series integration via the following equation:
Where RR i is i th RR interval and RR mean is the mean value of RR interval in given time series. Following the integration, time series was divided into equivalent segments of length n. In each segment of length n, a least square trendline was determined. A vertical coordinate of any trendline point is denoted as + , . Next step was to detrend integrated time series in every segment n and calculate afterwards the square root of mean square fluctuation in segments n using equation:
Logarithms of F(n) and n quantities were calculated and derived values were divided so that the ratio of log(F(n))/log(n) is characterised as a scaling exponent a, which imlicates a linear property of the ratio (a is the slope on double log graph). Fluctuation properties are denoted as scaling exponents a 1 and a 2 .
Exponent a 1 is a short-range scaling exponent, determined in the range of logarithmic values for segments of 4£n£16. Exponent a 2 is a long-range scaling exponent determined in the range of logarithmic values for segments of 16£n£250. Values of exponent a indicate the following fluctuation properties: a<0.5, anticorrelations -arranged alterations of longer and shorter intervals in the time series; a≈0.5, white noiseintervals are uncorrelated; 0.5<a<1, long-range correlations (power-law correlations) -longer interval is followed by another longer interval and vice versa; a=1, 1/f noise (pink noise) -value in healthy people, all regulatory mechanisms are in the harmony; 1<a<1.5, correlations exist but without a tendency to be the powerlaw correlations; a=1.5, Brownian noise -random alteration of different intervals, integration of the white noise, small fluctuations.
The programe for calculating the mean fluctuation of integrated and detrended time series in function of the segment size n is downloaded from www.physionet.org. Exponents data of RR and respiratory signal were statistically analyzed -Student t-test for independent (statistical significance of same exponents in a group) and dependent (statistical significance of different exponents in each group) samples. P value less then 0.05 was considered as statistically significant. Results are presented as average value ± standard error. In the end, regression analysis was made in order to determine any linear relations between the exponents and variables (heart rate -HR and breathing frequency -BF) in OriginPro 8.6. (OriginLab Corporation, USA) system. HR and BF were calculated as reciprocal mean values of RR (mean) , and BB (mean) , respectively. Intrasystemic analyses and intersystemic analyses were made. Results are presented via graphs with Pearson correlation coefficient.
Results
In AF group, there was not statistically significant difference in HR (p=0.39), but BF was significantly higher (0.303 ± 0.022 vs. 0.232 ± 0.014, p=0.01) in comparison to the control. Figure 2 summarizes all comparisons of scaling exponents in the group and between them. In the AF group, a 1 (RR) and a 2 (RR) were statistically lower in comparison to the control (0.496 ± 0.027 vs. 0.92 ± 0.17, p=0.01), (0.466 ± 0.054 vs. 0.84 ± 0.14, p=0.01), respectively. In the control group, exponent a 1 (Resp) was greater in comparison to the AF group, but without statistical significance (p=0.33). But, a 2 (Resp) exponent was statistically lower in the control group in comparison to the AF group (0.14 ± 0.06 vs. 0.271 ± 0.075, p=0.01). In the control group, there was not statistically significant difference between a 1 (RR) and a 2 (RR), (p=0.421). However, there was statistically significant difference between a 1 (Resp) and a 2 (Resp), (0.46 ± 0.28 vs. 0.14 ± 0.06, p=0.03). In the AF group, there was not significant difference between a 1 (RR) and a 2 (RR), (p=0.47), neither between a 1 (Resp) and a 2 (Resp), (p= 0.36). Figure 3 shows statistically significant intrasystemic relationships. In AF group, a 1 (RR) is related to HR, r=0.72, p=0.05. In both groups, there was a relationship between a 1 (Resp) and BF (AF, p=0.04 and the control group, r=-0.62, p=0.02). In intersystemic regression analysis, there was not any significant relationships except for noted tendency of a 2 (Resp) to be related to HR in AF, r=0.50, p=0.08.
Discussion
There were changes in regulatory mechanisms of heart and respiratory rhythm in atrial fibrillation and in cardiopulmonary coupling as well.
In the control group there was not statistically significant difference between a 1 (RR) and a 2 (RR), and the values of exponents were close to 1 i.e. 1/f noise, which is the property of healthy cardiac rhythm [13, 14] . However, the results showed that there was not a crossover between a 1 (RR) and a 2 (RR) exponents in AF group either, while decreased values indicated that the both types of correlations were diminished (the regulatory mechanism was equally dimished in both types). Gained result for dimished a 1 (RR), as a pathological feature, was in the accordance with previous conducted studies [13] .
In addition, regression analysis of intrasystemic relationships, a 1 (RR) vs. HR showed statistically significant relationship in the AF group, but not in the control group. This might be explained by different pattern of HR regulation because in AF parasympathetic regulation lacks i.e. sympathetic activity has an influence on a 1 (RR) value [6] .
Although lower values of a 1 (RR) are in the accordance with previous studies [13] , lesser values of a 2 (RR) are not. Having in mind there is no proof of respiratory sinus arrythmia in AF [6] , lesser value of a 2 (RR) might be explained by the absence of vagal stimulation and any other neural compensatory mechanism considering low levels of a 1 (RR).
Respiratory frequency was statistically greater in AF group in comparison to the control group, which might be explained by compensatory mechanisms of baroreceptor reflex which is dominant with Bainbridge reflex in cardiopulmonary coupling [7, 8] .
Comparing values of a 1 (Resp) exponent between the groups, there was not noticed statistically significant difference. Tendency of a 1 (Resp) to be lower in the AF group could be explained by indirect influence of the heart pathology having more dominant influence than any other regulatory mechanism of the respiratory rhythm. However, there was statistically significant difference in long-range correlation between the groups with higher a 2 (Resp) value in AF group, which could be explained by higher respiratory frequency in this group. More precisely, a 2 (Resp) was in the range of anticorrelations in the control group (arranged pattern of fluctuation of shorter and longer intervals between each breath). But, in the AF group a 2 (Resp) was in the range of white noise (uncorrelated intervals) and this alteration of shorter and longer intervals in respiratory signal could not be detected because of higher respiratory frequency values in this group.
Comparing a 1 (Resp) and a 2 (Resp) in the control group, there was noticed statistically significant difference with lower value of a 2 (Resp) exponent (anticorrelations) and this pattern of long-range correlation of the respiratory rhythm reflects a harmony of multiple regulatory mechanisms of the respiratory rhythm [11] . In the AF group, there was not noticed statistically significant difference between a 1 (Resp) and a 2 (Resp), which can be once more explained by more dominant influence of the heart on the respiratory system, i.e. in order to maintain appropriate ventilation-perfusion ratio.
Moreover, regression analysis of intrasystemic relationships, a 1 (Resp) vs. BF showed a decreasing trend in short-range correlation with the increase of respiratory frequency. Intrasystemic analysis of a 2 (Resp) vs. BF did not show statistically significant relationship. Taking this into the consideration, we conclude there is a relationship between a 1 (Resp) and the BF so that when BF increases, a 1 (Resp) decreases in both groups, but in AF group only to some value of BF, when its further increase leads to the increase of a 1 (Resp) as well. This can be explained by altered regulation of the heart rhythm. Furthermore, a 2 (Resp) was independent of the BF in both groups -also possible explanation lies in multiple regulatory mechanisms of the respiratory rhythm [11] . This was in accordance with anticorrelations of a 2 (Resp) exponent in the control, even though this exponent was slightly increased in AF group (this increase is a consequence of altered heart rhythm which can be seen from intersystemic regression analysis a 2 (Resp) vs. HR).
However, there was not statistically significant relationship of a 1 (Resp) vs. HR in regression analysis. This might be due to the fact that slightly increased values of HR in the control was one of the mechanisms which in collaboration with others regulated the respiratory rhythm (with the assumption this is the case when there is no pathological conditions in the organism). Also, a longer time interval was needed for higher values of HR to become more dominant over other regulatory mechanisms of the respiratory rhythm in sick people. Latter implicates a possible explanation for noticed tendency of a 2 (Resp) to be related to HR.
Conclusion
Considering the obtained results, there is an implication of a compensatory mechanism in regulation of the respiratory rhythm in atrial fibrillation. Still, we did not notice the existence of another neural compensatory mechanism in regulation of the heart rhythm. We can conclude there is a cardiopulmonary coupling in direction heart-respiratory system in AF, but not in the opposite direction because of impaired neural cardiac control i.e. vagal stimulation of sinoatrial node.
